We show that a concentration of light at a metal tip allows near-field optical imaging of single fluorescent dye molecules at very high resolution, despite strong quenching effects. Details as small as 10 nm were observed in the fluorescence patterns of single Cy-3 dyes bound to the termini of DNA. Data evaluation by model fitting determines the positions of the dyes to an accuracy even better than 1 nm and also yields their 3D orientation. The metal tip simultaneously provides high-resolution topographic imaging complementing the optical signal for a detailed surface examination. DOI: 10.1103/PhysRevLett.93.200801 PACS numbers: 07.79.Fc, 33.50.-j, 42.25.Gy, 87.64.Xx Within the various kinds of optical microscopes, scanning near-field optical microscopes (SNOMs) [1] achieve the highest resolution since they do not suffer from diffraction effects. They take advantage of the high localization of optical fields at surfaces, localized at a length scale much smaller than the wavelength. SNOMs exploit these near-fields by scanning an optical probe of subwavelength size relative to the sample at a distance of a few nanometers. The optical resolution achievable is mainly limited by the size of the probe. The gap between the probe and sample is controlled by measuring force interactions, similar to the methodology of atomic force microscopes (AFMs). Thus, a SNOM provides simultaneously optical and topographical images of the sample surface.
Within the various kinds of optical microscopes, scanning near-field optical microscopes (SNOMs) [1] achieve the highest resolution since they do not suffer from diffraction effects. They take advantage of the high localization of optical fields at surfaces, localized at a length scale much smaller than the wavelength. SNOMs exploit these near-fields by scanning an optical probe of subwavelength size relative to the sample at a distance of a few nanometers. The optical resolution achievable is mainly limited by the size of the probe. The gap between the probe and sample is controlled by measuring force interactions, similar to the methodology of atomic force microscopes (AFMs). Thus, a SNOM provides simultaneously optical and topographical images of the sample surface.
Fluorescence is a widely used tool to identify structures in inhomogeneous samples, especially in biology. Of particular interest is the investigation of self-fluorescing or fluorescence labeled macromolecules at the single molecule level. However, it turned out to be very difficult to combine in a SNOM high optical and topographical resolution with single fluorophore sensitivity. In this Letter we report on a solution to this problem. We present highly resolved optical imaging of single dyes, complemented by high-resolution topographs, and describe how this imaging can be modeled. The excellent results became possible using a special SNOM probe that combines the respective advantages of the two main current kinds of SNOMs, the aperture and the scattering SNOM.
In fluorescence applications, a SNOM probe is operated as a very small light source and the locally excited fluorescence is measured. The aperture SNOM uses a subwavelength aperture for the light confinement. Detection of single molecule fluorescence is possible [2, 3] . Resolution typically reaches a value of about 50 to 100 nm. In only a few cases higher resolution has been reported [4 -6] . The scattering SNOM [7] (also called apertureless SNOM) is based upon the interaction of the optical near-field of a sharp metal or dielectric tip with the sample. Light is provided by a laser beam focused onto the tip. As the light is concentrated at the apex of the sharp tip, this kind of SNOM achieves a very high resolution, routinely in the range of 10 to 20 nm [8] . Nevertheless, in fluorescence applications, a relatively large area of the sample around the tip is exposed to the laser light, resulting in a high background signal and the bleaching of dyes. Thus imaging of single fluorophores by scattering SNOM had quite limited success, although various attempts have been made [9] [10] [11] [12] [13] [14] , also with 2-photon excitation [15] .
The new kind of SNOM probe, the ''tip-on-aperture'' (TOA) probe [16] used in our experiments comprises features of both types of SNOM, by illuminating a metal tip through a contiguous aperture as depicted in Fig. 1 . The tip may be viewed as a support structure for surface plasmons. These plasmons will be excited at the base region of the tip by the aperture's near-field (which is modified by the presence of the metal tip). They will propagate along the tip and be reflected back at the apex leading to standing waves. The plasmon fields are envisaged to concentrate at the apex in a fashion analogous to the lightning rod effect of electrostatics. In contrast to the aperture SNOM with its broad probe, both optical and topographical images taken with the TOA probe originate FIG. 1. Schematic drawing of the TOA probe with the DNA sample. The TOA probe consists of a sharp metal tip mounted on a conventional aperture probe. The aperture probe is made up of a tapered glass fiber coated laterally with metal, which confines the light to the glass except at the aperture in the front end. The sample consists of DNA with covalently bound Cy-3 molecules, prepared on mica.
from the identical part of the probe, the apex of the metal tip. Consequently, the simultaneously recorded optical and topographical images have a similar resolution and are, in good approximation, not shifted against each other.
The preparation of the TOA probe on a glass fiber is described in Ref. [16] . The metal tips are about 150 nm long, consist of Al, and are located at the aperture rim. The light from an argon laser ( 514 nm for our experiments) is coupled into the glass fiber illuminating the sample through such a TOA probe. Fluorescence light transmitted through the transparent sample is collected by a 0.95 numerical aperture objective of an inverse light microscope, filtered by a 550 nm long pass filter, and detected by an avalanche photodiode. Because of the asymmetry in the tip-aperture geometry, we have to adjust the polarization of the light coupled into the glass fiber for the best signal to background ratio [16] . About 1=3 of our probes provide good fluorescence results at such optimal polarization. The sample is scanned below the probe at a constant distance under shear force control at scan speeds in the range of 1 m=s.
As samples we used Cy-3 fluorophores covalently bound to the termini of DNA. These samples were prepared in a standard polymerase chain reaction (PCR) by amplifying an approximately 1000 base pairs DNA molecule using vector DNA as the template and vector specific forward and reverse primer, which were 5 0 -end Cy-3 labeled (IBA). The PCR product was purified according to standard methods. Mica sheets were pretreated by applying 20 l of a 400 mM NiCl 2 solution in water. After 2 min the solution was blotted off and a 30 l drop of Cy-3 labeled DNA solution was applied. After 10 min the sample was washed with ultrapure water and blown dry by nitrogen. Figure 2 shows a typical fluorescence image of such a specimen taken with our TOA probe. Most striking is the appearance of two-lobed patterns with distances between the maxima below 30 nm and a full width at half maximum (FWHM) of about 10 nm for each peak. As such patterns are found in all possible orientations, the shape of the patterns cannot be caused by a special shape of the probing tip (e.g., a double tip). The patterns belong to single fluorophores as indicated by the complete bleaching of some dyes between one scan line and the next one.
The observed image patterns of single dyes can be explained in analogy to patterns found with aperture SNOMs [2, 3] . Single dyes monitor the field distribution of the probe. Vice versa, with a known field distribution, the orientation of a dye can be determined from a measured intensity pattern [2, 3, 17, 18] . Our fluorescence patterns can be evaluated on the basis of a model commonly used in scattering SNOM [8, 12, 19] . The optical field of the probe below the tip is approximated by that of a point dipole, which is oriented along the tip axis and positioned in the center of a sphere fitted to the tip apex (Fig. 3) . The dye molecules are also considered as dipoles, the excitation of which is proportional to the squared field component parallel to their dipole moment. The residual field of the aperture itself at the sample is negligible in our setup. It is smaller than the field of the tip apex by a factor of at least 10, as concluded from images of fluorescent beads showing sharp bright spots within wide faint spots indicating the apex and the aperture field, respectively (data not shown).
According to the above model, a dye dipole oriented in the sample plane displays two symmetric maxima. The line connecting the maxima gives the dipole orientation in the plane (azimuth angle). Inclined dyes will give asymmetric peaks. A dye with a vertical orientation of its dipole experiences strongest excitation at a position directly below the tip. However, quenching by the metal tip affects the fluorescence. For vertically oriented dye dipoles maximal excitation coincides with the shortest tip-dye distance. As a result, a vertical dye dipole will not give a single peak but a circular structure; for small tipsample distances the dye is nearly completely quenched below the tip.
The imaging process of single fluorophores by our TOA probe was simulated using the software package MATHLAB 6.5 (Mathworks). Quenching corresponds to a reduction in lifetime, which was calculated with the classical expression given by Eq. (8) in Ref. [20] . In all our field calculations, first order mirror dipoles in the mica and the metal sphere, respectively, were taken into account with " values ÿ44:7 15:0 i for Al and 2.56 for mica. The retroaction of the dye dipole on the tip dipole were neglected as well as retardation effects. To calculate the final signal, emission was considered only in directions, which are collected by the objective. Within this simulation program the following fit parameters were used. For each pattern separately: x; y position of the dye, its 3D orientation, a normalization factor for its brightness, and a local background; fit parameters assumed to be constant over the whole image: tip radius and tip height above the sample. For the quantum efficiency of a free molecule a value of 0.3 was taken. Figure 4 shows the consistency of the experimental results with the modeled fluorescent patterns fitted to the data. The calculated parameters for the tip radius from Figs. 2 and 5 (12 nm) and Fig. 4 (22 nm) compare well with the typical tip radii between 15 and 25 nm measured by transmission electron microscopy. However, the calculated tip-sample distances of about 1 nm are lower than expected for a distance control by shear force. From approach curves we measured a distance between the probe and the sample of 2 to 3 nm, at oscillation amplitudes below 2 nm. Two effects will reduce the distance value calculated in the fits: (i) The conventional treatment [20] of the quenching effect neglects contributions with a stronger dependence on distance becoming important at distances below 5 nm [21] .
(ii) The tip apex may be flattened in comparison to a sphere.
Our model explains the moonlike and ringlike patterns by strong quenching effects at tip-dye distances below about 3 nm. At a larger distance such patterns should turn into single peaks. Correspondingly, we have never seen moons or rings with single dyes (Dil-C 18 ) embedded in poly(methyl methacrylate). For the two-lobed patterns in our DNA sample, the central minimum became smaller when increasing the tip-sample distance. At the same time, the total number of photon counts per pattern decreased, typically by a factor of 2 for an increase in distance of 5 nm, indicating predominance of near-field concentration. Quenching seems to be dominant only at very small distances, probably because of the small lateral size of the very end of our tip. This contrasts the more common situation with flat metal surfaces where quenching is effective over more than 10 nm distance. Besides quenching, redirection of the fluorescence light by the tip itself as in Ref. [22] may affect the shape of the observed fluorescence patterns. However, we have seen no indication of such effects in experiments with fluorescent beads of about 5 nm diameter [16] . Figure 5 shows results of the optical measurements on the labeled DNA sample including the simultaneously taken topography, together with the results from the computer evaluation. As expected, most of the dye molecules are found at the termini of the DNA. In Fig. 5(a) and other measurements (not shown) about 60% of the detected dyes can clearly be assigned to a visible end of a DNA strand. The other dyes fall mostly into overcrowded regions where classification remains doubtful.
The positions of the dyes can be determined from the computational fits with high precision. Test calculations for various orientations and for noise parameters taken from . Knowledge of the orientation of substructures is essential for many structural investigations. This orientation can be monitored by single dye molecules used as tags rigidly attached to the structures. Furthermore, the relative orientation of two dyes is an important parameter also in fluorescence resonance energy transfer distance measurements.
The two dyes at the right bottom of Fig. 5 (b) with a distance of only 35 nm can easily be distinguished. Smaller distances with partly overlapping patterns can be resolved by computer-based analysis. The observed pattern shown in Fig. 6(a) can best be simulated by assuming two fluorophores in a distance of only 12 nm. Simulation by just one fluorophore fails to explain the observed pattern.
The presented results on imaging fluorescent-labeled single biomolecules demonstrate the enormous potential of our new SNOM approach. Its decisive advantage is the unique combination of several features: high-resolution optical signal at low background, simultaneous acquisition of an AFM-like topographical signal, single fluorophore sensitivity, access to the orientation of dyes, and accurate determination of their positions. Improvements of our probe are still to be expected by optimizing the tipaperture geometry including variation of tip length and material to allow plasmon resonances. Sharpening the metal tip will increase resolution as the apex radius seems to be the main limiting factor at moment. With the corresponding investigations the TOA method will contribute to a better understanding of field propagation along subwavelength sized metal structures and of field concentration at a sharp tip. Use of the presented new tool for imaging purposes promises exciting applications, especially in molecular and cellular biology. 
